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Abstract
The Standard Model Effective Field Theory (SMEFT) provides a consistent framework for
comparing precision measurements at the LHC to the Standard Model. The observation of
statistically significant non-zero SMEFT coefficients would correspond to physics beyond the
Standard Model (BSM) of some sort. A more difficult question to answer is what, if any,
detailed information about the nature of the underlying high scale model can be obtained from
these measurements. In this work, we consider the patterns of SMEFT operators present in
five example models and discuss the assumptions inherent in using global fits to make BSM
conclusions. We find that including renormalization group effects has a significant impact on the
interpretation of the results. As a by-product of our study, we present an up-dated global fit to
SMEFT coefficients in the Warsaw basis including some next-to-leading order QCD corrections
in the SMEFT theory.
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I. INTRODUCTION
With the Higgs discovery in hand and the Standard Model (SM) field content complete,
one of the primary goals of the LHC is to make precise measurements of SM processes, with
the hope of testing its limitations. As the search for new particles has been unsuccessful as
yet, much attention has shifted towards precision measurements of Higgs processes. In this
direction, the SMEFT (SM effective field theory) framework becomes very useful. In the
SMEFT, deviations from the SM are parameterized by a tower of SU(3)×SU(2)L×U(1)Y
invariant higher dimension operators containing only SM fields. The SMEFT is useful
because it provides a consistent, gauge-invariant theoretical interpretation of the data, in
which higher order corrections can be included, and connects Higgs data with electroweak
precision observables at the Z and W poles, diboson data, and top quark measurements.
There have been numerous global fits to LHC and LEP data, yielding limits on the allowed
values of the SMEFT coefficients [1–5], but thus far all of these fits are totally consistent
with the Standard Model, further demonstrating the robustness of the SM.
Ultimately, however, one hopes that the SMEFT is parameterizing some high scale
physics beyond the Standard Model (BSM), and it is of interest to understand how these
global fits should be interpreted in this context. The goal of this work is to consider
just such an interpretation in detail for a set of simple benchmark models. We consider
a sample set of UV complete models where the BSM physics contains particles at mass
scales above the weak scale, Λ  MZ . Each model makes a prediction for the SMEFT
coefficients at the high scale, Ci(Λ), and typically only a small subset of dimension-6 oper-
ators are generated [6, 7]. As we will see, all of our models predict particular relationships
between the different coefficients generated, and we will explore the differences in fitting
with these particular patterns as opposed to general values of the coefficients. We will
mostly restrict ourselves to tree-level matching between the BSM physics and the SMEFT
at the scale Λ, but we will also consider the renormalization group running to evolve the
coefficients at leading logarithm to the weak scale [8, 9], where the predictions can be
compared with fits to the data. Since many of our benchmark models generate operators
that are well constrained by electroweak precision observables, including these leading
logarithmic effects will significantly change the interpretations of the fits. These consid-
erations are an important first step in understanding what we can learn about possible
3
UV complete models, and, if a deviation from the Standard Model is observed, how we
can discriminate between them. This goal is sometimes referred to as the “Higgs Inverse
Problem”.
Understanding the sensitivity to BSM physics through the extraction of SMEFT co-
efficients is also useful for comparing the reach of future accelerators [10] and our cal-
culations are part of an extended effort to understand the complementarity of the direct
observation of new particles with precision measurements [11]. In addition to Higgs signal
strength data, we include theory predictions with NLO QCD corrections for V V and V H
(V = W,Z) production [12], and the leading logarithmic NLO QCD and electroweak cor-
rections to Z and W pole observables computed in the full SMEFT [13]. As a by-product
of our study, we obtain an update of the global fit to SMEFT coefficients in the Warsaw
basis.
We begin by describing how we match our benchmark models to the SMEFT, including
the effects of renormalization group evolution (RGE) of the Wilson coefficients down to the
weak scale. We then summarize each of the models in turn in Section II B. The operators
generated in each model are summarized in Section II C. We then perform a series of fits
customized for each model in Section III, and discuss how the SMEFT fit results can
differ depending on the correlations present in the underlying high scale model. Here we
will further emphasize the role of the renormalization group evolution of the coefficients
in the interpretation of SMEFT fit results. Finally, we conclude with our updated global
fit in Section III C and a discussion of future directions in this type of study in Section IV.
II. MATCHING MODELS TO THE SMEFT
In this section, we lay out our benchmark models, and tabulate the relevant SMEFT
coefficients obtained in the decoupling limit of these models. The models are chosen to
be simple but representative BSM models with new particles at the ∼ few TeV scale with
only a small set of unknown parameters. The full set of dimension-6 operators that we
will consider, ignoring flavor, is given in Table I.
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Oll (l¯LγµlL)(l¯Lγµl)L OHWB (H†τaH)W aµνBµν OHD
(
H†DµH
)∗ (
H†DµH
)
OHe (H†i
↔
DµH)(eRγ
µeR) OHu (H†i
↔
DµH)(uRγ
µuR) OHd (H†i
↔
DµH)(dRγ
µdR)
O(3)Hq (H†i
↔
D aµ H)(q¯Lτ
aγµqL) O(1)Hq (H†i
↔
DµH)(q¯Lγ
µqL) O(3)Hl (H†i
↔
D aµ H)(l¯Lτ
aγµlL)
O(1)Hl (H†i
↔
DµH)(l¯Lγ
µlL) OH (H†H)(H†H) OeH (H†H)l¯LH˜eR
OHG (H†H)GAµνGµν,A OuH (H†H)(qLH˜uR) OdH (H†H)(qLHdR)
OHB (H†H)BµνBµν OHW (H†H)W aµνWµν,a OW abcW ν,aµ W ρ,bν Wµ,cρ
OH (H†H)3
TABLE I: Dimension-6 operators in the Warsaw basis that are considered in this study. The
fermion labels u, d, e refer generically to all 3 generations and similarly for the quark, q, and
lepton, l, doublets.
A. Matching Procedure and Renormalization Group
Here we lay out our benchmark models, and tabulate the relevant SMEFT coefficients
obtained in the decoupling limits of the models. The models are chosen to be well studied
BSM models with new particles at the UV scale and are quite simple models, involving a
small set of unknown parameters. We assume that the new particles are at a high mass
scale and integrate them out of the theory using the equations of motion at tree level,
although for future studies it would be of interest to perform the matching at one-loop,
since one-loop matching typically generates a much richer spectrum of SMEFT operators
than does the tree level matching [7, 14, 15]. This procedure generates predictions for
SMEFT coefficients at the mass scale Λ corresponding to the new physics,
L = LSM +
∑
i
Ci
Λ2
O6i + . . . , (1)
where we include the dimension-6 operators in the Warsaw basis [16, 17]. The operators
consist of all of the SU(3)×SU(2)L×U(1)Y operators that can be constructed from SM
fields. Since we assume ΛMZ , we only consider the dimension-6 operators, O6i . Some
of the models we consider generate effects only for third generation quarks, so we do not
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always assume flavor universality in the quark sector. The importance of the assumptions
about flavor in the results of the global fits has been emphasized in Refs. [2, 18].
We fit data from Higgs processes, diboson WW and WZ production, and electroweak
precision observables (EWPOs), including the W mass and width, to the patterns of
SMEFT coefficients generated in our examples. For completeness, we define the operators
appearing in this work in Table I and we neglect flavor indices in this table, although we
will include them in some of the models. We define H to be the SU(2)L doublet Higgs
field with neutral component h+v√
2
and, in terms of the first generation, qTL = (uL, dL),
lTL = (νL, eL). Our notation follows that of Ref. [16].
At tree level, the Z and W pole observables depend on,
Oll, OHWB, OHD, OHe, OHd, OHu, O(3)Hq, O(1)Hq, O(3)Hl , O(1)Hl , (2)
and the EWPOs are sensitive to eight combinations of these operators [13, 19–21], (at
NLO they are sensitive to a combination of 10 operators). We also include the 2− loop
contribution to MW generated by OH [22, 23].
We consider tree level contributions from the following operators to Higgs data,
OHW ,OHB,OHWB,OHD,OHG,OH,O(3)Hl ,OHe,
OHu,OHd,Oll,O(1)Hq,O(3)Hq,OeH ,OuH ,OdH . (3)
We also include the loop contributions to Higgs production and decay from OH [24–26].
Finally, the diboson WW and WZ data depend on 7 effective couplings1, which involve
the operators
OHWB,OHD,OW ,O(3)Hl ,Oll,O(1)Hq,O(3)Hq,OHu,OHd , (4)
for a total of 19 operators involved in our study when we neglect flavor. For the vector-
like quark models we consider, only contributions to operators involving third generation
quark interactions are generated. Most of the operators that contribute to the global
fits that we list above do not arise in the models we consider and we comment on the
importance of this in the concluding discussion.
The models we consider are chosen to illustrate various types of new physics and to
demonstrate uncertainties and assumptions that are made when forming physics conclu-
sions from the global fits. The models fall in two categories.
1 See [27] for a convenient mapping from the effective interactions to the Warsaw basis.
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• Models with high scale scalar resonances: We consider a real scalar singlet model,
both with and without a Z2 symmetry, and a 2 Higgs doublet model (2HDM) in
the decoupling limit.
• Models with new particles in loops: We consider two models with vector-like quarks
(VLQs): One with a color triplet fermion with charge Q = 2
3
, and one with a color
triplet, SU(2)L doublet of quarks with charge Q = (
2
3
,−1
3
). We also briefly compare
the results of the models with vector-like quarks with a model containing a heavy
color triplet scalar.
There have been extensive studies in the literature computing SMEFT coefficients in these
models. We summarize the models we consider below and the reader is referred to the
original literature for further details.
The fits are performed in two different manners. In the first approach, we match the
coefficients at the UV scale Λ to the model predictions and perform the global fit. These
fits are only sensitive to the ratios Ci
Λ2
and give no independent information about the UV
scale. We always make the identification that Λ is the mass of the heavy particle that
has been integrated out. In the second set of fits, we match the coefficients to the model
predictions at Λ and then use the renormalization group to evolve the coefficients to MZ
before performing the fits. The coefficients at the weak scale are then,
Ci(MZ) = Ci(Λ)− 1
16pi2
C˙i log
(
Λ
MZ
)
, C˙i ≡ γijCj . (5)
A complete set of the relevant anomalous dimensions in the Warsaw basis is in Refs. [28–
30]. In many cases, the RGE has a dramatic effect on the interpretation of the fits.
The EWPO and diboson data place strong constraints on OHD, OH, and OHWB. The
contributions involving the 1st and 2nd generation quarks to O(3)Hq, and O(1)Hq are strongly
constrained by Higgstrahlung data, while the Z → bb data constrain these operators with
3rd generation quarks. In models where these coefficients are generated by RGE (even
when they are not present at the matching scale), the constraints and the interpretations
change dramatically [9].
To illustrate the importance of including the RGE when fitting to UV complete models,
we consider the strongly constrained operators, OHD, OH, O(1)Hq and O(3)Hq [12]. OHD is
not generated at tree level in any of the models we consider, while OH arises at tree level
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in the singlet model. Including only contributions from terms that are generated at tree
level in the models we consider (see Table II),
C˙HD =
8
3
g′ 2
[
2CHt − CHb +
(
C
(1)
Hq
)
33
]
+
20
3
g′ 2CH
−24
[
Y 2t CHt − Y 2b CHb + YbYtCHtb
]
+24
(
Y 2t − Y 2b
)(
C
(1)
Hq
)
33
C˙H = 6g
2
(
C
(3)
Hq
)
33
+
2
3
g′ 2
[
2CHt − CHb +
(
C
(1)
Hq
)
33
]
+
[
−4
3
g′ 2 − 4g2 + 12
(
Y 2t + Y
2
b
)
+ 4Y 2τ
]
CH
−6
[
(Y 2b − Y 2t )
(
C
(1)
Hq
)
33
+ 3(Y 2b + Y
2
t )
(
C
(3)
Hq
)
33
+ Y 2t CHt − Y 2b CHb − 2YbYtCHtb
]
(
C˙
(3)
Hq
)
33
= 3
[
Y 2b − Y 2t
](
C
(1)
Hq
)
33
+
[
−11
3
g2 + 8Y 2t + 8Y
2
b + 2Y
2
τ
](
C
(3)
Hq
)
33
−1
6
[
3Y 2t + 3Y
2
b − g2
]
CH(
C˙
(1)
Hq
)
33
=
[
5
9
g′ 2 + 10Y 2t + 10Y
2
b + 2Y
2
τ
](
C
(1)
Hq
)
33
− 9
[
Y 2t − Y 2b
](
C
(3)
Hq
)
33
−1
2
[
g′ 2
9
+ Y 2b − Y 2t
]
CH − (Y 2t +
4
9
g′ 2)CHt − (Y 2b +
2
9
g′ 2)CHb , (6)
where CHt, CHb, CHtb, CHτ , (C
(1)
Hq)33 and (C
(3)
Hq)33 correspond to operators including only
the third generation fermions. See [28–30] for a full expression. We note that OHD
arises from the RGE in the (TB) VLQ model and in the singlet model, and so we expect
quite different results in these models when the RGE is included. Similarly, (O(1)Hq)33 and
(O(3)HQ)33 occur at tree level in the T VLQ model, and RGE generates OH at the weak
scale which is strongly constrained. On the other hand, the operators generated at tree
level in the 2HDM do not contribute to the RG evolution of CHD or CH and we will
see that RGE has a relatively minor effect on the interpretation of this model. In our
numerical results, we include the complete RGE of all the operators that contribute to
our fits.
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B. Models
a. Singlet Scalars
One of the simplest extensions to the Standard Model is obtained by adding an ad-
ditional scalar that is a singlet under the SM gauge group. The scalar potential can be
constructed both with and without a Z2 symmetry. The case without a Z2 symmetry
is particularly interesting because it can accommodate a first order electroweak phase
transition for some values of the parameters [31, 32]. Using the classical equations of
motion [7, 14, 33, 34], the heavy scalar can be integrated out at tree level, generating the
SMEFT operators, OH and OH with coefficients,
v2
Λ2
CH = −1
2
tan2 θ ,
CH = −CH
(
tan θ
m
3v
− κ
)
, (7)
where θ is the mixing angle between the SM-like Higgs boson, h, and the new heavy
scalar and κ and m are Lagrangian parameters that are limited by the requirement that
the electroweak minimum be the lowest minimum of the potential [35]. In this model,
the SM-like Higgs couplings to SM particles are uniformly suppressed by a factor of cos θ
and for the case with a Z2 symmetry, there is a cancellation implying CH = 0 [14, 34].
Details of the model are in Appendix A 1.
b. A Second Higgs Doublet
The 2 Higgs doublet model (2HDM) has been extensively studied in the literature,
and in the limit that the new Higgs bosons are much heavier than the SM-like Higgs
bosons, the Higgs couplings approach those of the SM [36]. This is the alignment limit,
cos(β−α)→ 0. In the exact alignment limit, SMEFT operators are not generated at tree
level, but first appear at 1-loop. Away from the alignment limit, cos(β − α)  0, tree
level contributions to the Higgs-Yukawa couplings are generated, along with a correction
to the Higgs tri-linear coupling. To linear order in cos(β − α), the SMEFT coefficients
that affect Higgs couplings to fermions, f , are [6, 14, 37, 38],
v2CfH
Λ2
= −Yfηf cos(β − α)
tan β
, (8)
where Yf =
√
2mf/v and ηf distinguishes the type of 2HDM and is defined in Ap-
pendix A 2. The corrections to the WWh vertex are O[cos2(β − α)] and are neglected
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in our approximation, since they are formally of dimension-8. The correction to the OH
operator scales slightly differently,
v2CH
Λ2
=
cos2(β − α)M2
v2
, (9)
where M is the common mass of the heavy decoupled scalars near the alignment limit.
Our results are only valid near the alignment limit, where cos(β − α)  1. Further
details of the model are found in Appendix A 2.
c. Colored Extensions of the SM: an SU(3) Triplet, SU(2)L Singlet Fermion
We consider a charge Q = 2
3
color triplet, SU(2)L singlet fermion, T , and call this the
T VLQ (vector-like quark) model and assume that this new quark only couples to the
top quark, but not to the lighter quarks. The model is parameterized by 3 parameters:
mt and MT are the masses of the physical top and new heavy charge Q =
2
3
fermion
respectively, and stL is the sine of a mixing angle that defines the mixing between the
left-handed charge 2
3
quarks. Integrating out the heavy fermion generates the SMEFT
coefficients involving the third generation quarks only [6, 39–41]
v2
Λ2
(
C
(1)
Hq
)
33
= − v
2
Λ2
(
C
(3)
Hq
)
33
=
(
1
2Yt
)
v2
Λ2
CtH =
(stL)
2
2
(10)
where (O(1)Hq)33 = (H†i↔DµH)(q¯3Lγµq3L)(O(3)Hq)33 = (H†i↔D aµ H)(q¯3Lτaγµq3L)
OtH = (H†H)(q3LH˜tR) , (11)
q3L = (tL, bL), and the scale Λ is identified with MT . The corresponding coefficients for
the first 2 generations are zero in this model.
Although we perform the matching at tree level, we also include OHG since it could
potentially make a significant contribution to Higgs production through gluon fusion,
v2
Λ2
CHG =
αs
8pi
(stL)
2
(
F1/2(MT )− F1/2(mt)
)
∼ O
(
αs(s
t
L)
2m2t
M2T
)
, (12)
where F1/2 is defined in Appendix A 3 a. For MT = 1 TeV (2 TeV), F1/2(MT )−F1/2(mt) ∼
−.010 (−.011) and the top and T contributions approximately cancel in the large mt
limit. A summary of the model is in Appendix A 3 a.
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d. Colored Extensions of the SM: an SU(3) Triplet, SU(2)L Doublet Fermion
We next consider a model with an SU(2)L doublet, color triplet pair of vector-like
fermions. We term this the (TB) VLQ model. At tree level, the (TB) doublet generates
OHt, OHb, OHtb, OtH , and ObH , where the operators are defined in Table I in terms of
3rd generation fermions. In the decoupling limit, MT ,MB MZ ,
v2
Λ2
CHt = − v
2
Λ2
CtH
Yt
= −(stR)2
v2
Λ2
CHb =
v2
Λ2
CbH
Yb
= (sbR)
2
v2
Λ2
CHtb = 2s
t
Rs
b
R, (13)
where stR and s
b
R define the mixing between the top and bottom quarks with T and B
respectively in the right-handed sector. At one-loop, OHG is also generated,
v2
Λ2
CHG =
αs
8pi
(
(stR)
2
[
F1/2(MT )− F1/2(mt)
]
+ (sbR)
2F1/2(MB)
)
∼ αs
8pi
(sbR)
2(.32) , (14)
where MT = MB = 1 TeV in the last equation. The approximate cancellation between
the t and T contributions found in the T VLQ model remains, but there is an additional
contribution from MB. Details can be found in Appendix A 3 b.
e. Colored Extensions of the SM: an SU(3) Triplet Scalar
Finally, we consider a model with a color triplet complex scalar, s, with charge Q = 2
3
and mass, ms. At tree level, four fermion operators that do not contribute to our global
fit are generated, but no dimension-6 EFT operators arise. At one loop, the colored scalar
generates OHG,
v2CHG
Λ2
= − αsκv
2
96pim2s
, (15)
where κ is the portal coupling, (s s∗)
(
H†H
)
, and is defined in Appendix A 3 c. This is
an example of a model where the only effect on single Higgs production is to rescale
the rate and the SMEFT formalism is not necessary. The indirect consequences of the
colored scalar and the corresponding SMEFT effects can be searched for in Higgs plus jet
or double Higgs production [42, 43].
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C. Summary of Models
In Table II, we summarize the coefficients generated by our benchmark models as de-
scribed in the previous sections, expressing the results in terms of the physical parameters
of these models when possible. The scale Λ is consistently identified with the mass of the
heavy particle in the model. More precise definitions of these parameters are given in the
Appendices.
Singlet/Z2 SingletZ2 2HDM T VLQ (TB) VLQ s
v2CH
Λ2
tan2 θ
2 (tan θ
m
3v − κ) cos
2(β−α)M2
v2
v2CH
Λ2
− tan2 θ2 − tan
2 θ
2
v2CbH
Λ2
−Ybηb cos(β−α)tanβ Yb(sbR)2
v2CtH
Λ2
- Ytηt
cos(β−α)
tanβ Yt(s
t
L)
2 Yt(s
t
R)
2
v2CτH
Λ2
−Yτητ cos(β−α)tanβ
v2(C
(1)
Hq)33
Λ2
(stL)
2
2
v2(C
(3)
Hq)33
Λ2
− (stL)22
v2CHb
Λ2
(sbR)
2
v2CHt
Λ2
−(stR)2
v2CHtb
Λ2
2stRs
b
R
v2CHG
Λ2
−αs(stL)28pi (.02)
αs(sbR)
2
8pi (.65) − αsκv
2
96pim2s
TABLE II: Tree level SMEFT coefficients. We also list CHG which is generated at 1-loop in
some models and give numerical values for CHG for heavy masses of 1 TeV. In all cases, we
assume the decoupling limit of the models and the parameters are defined in the appendices.
Empty spaces correspond to operators not generated at tree level.
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III. RESULTS
A. Methodology
We perform a series of fits to Higgs, diboson, and EWPO data with prior assumptions
about the relationships between SMEFT coefficients that are motivated by our example
models. We take as non-zero only those coefficients generated in a particular model and
examine how that choice changes the fits and the interpretations of the fit results. The
underlying goal is to see how the fits can potentially constrain the high scale models.
The EWPO fits use the data given in Table III of [13]. This table uses the most
accurate SM theoretical predictions available, typically at NNLO accuracy, along with
the tree level SMEFT contributions. Using the results in the appendix of Ref. [13], it
is straightforward to generalize the leading order SMEFT contributions to the χ2 given
there to allow for the quark operators to have different (but diagonal) couplings to the
generations. In particular the coefficients involving the b quark can be different from those
of the lighter fermions, which is relevant for the T and (TB) VLQ models. We assume
that the lepton generations all couple identically. The contribution of the operator OH
occurs at 2-loops in the SM and is included using the results from Ref. [22].
The diboson (WW and WZ) and Higgstrahlung (WH and ZH) fits use the data from
Table IV of [12] and we fit to linear order in the SMEFT coefficients and to NLO QCD. As
shown in [12], the diboson and Higgstrahlung fits are extremely sensitive to whether the
fit is performed at linear or quadratic order, with the WZ contribution being particularly
sensitive to the inclusion of NLO QCD effects. Finally, the Higgs predictions use the
80 fb−1 13 TeV LHC data from ATLAS [44] and the 36− 137 fb−1 13 TeV LHC data from
CMS [45], along with the 8 TeV data given in Tables 2 and 3 of [3]. The contribution to
Higgs production and decay from OH occurs at loop order and is included following the
prescription of Ref. [24]. The identification of the observables with the SMEFT predictions
is made using tree- level calculations (except for CHG and CH) and compared with the
results of Refs. [3, 46] and reasonable agreement is found.
In the following subsections, we present results for our test models and discuss the use
of the global EFT fits for extracting information about the underlying models.
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FIG. 1: LHS: 95% C.L. limits on the Wilson coefficients CH and CH generated at the matching
scale. The magenta, cyan, and yellow curves show combinations generated by the singlet model
assuming a Z2 symmetry, and with κ = 1,m = 0, and κ = 0,m = 3v, respectively. The open
circles indicate the point along the curve with sin θ = 0.25, 0.50. RHS: The SMEFT coefficient
limits reinterpreted in terms of a limit on the mixing angle for the Z2 symmetric case as a
function of the matching scale, M . In both figures, the complete RGE of CH and CH from
Λ = 1 TeV to the weak scale is included.
B. Model Dependent Results
1. Singlet Model
The singlet model generates the two operators, OH and OH , at the matching scale Λ,
which we take to be M , the mass of the heavier Higgs. We first consider the results of a fit
to arbitrary values of the coefficients corresponding to these operators, assuming only that
they are generated at the same scale, and taking all other operators to vanish. The results
of this fit are shown on the LHS of Fig. 1, where the axes show the coefficients evaluated
at the matching scale, Λ = 1 TeV. OH leads to a shift in the Higgs-gauge couplings, and
a universal change in the Higgs couplings to fermions, and these shifts are constrained
by LHC data. In addition, via Eq. 6, a non-zero OH at the matching scale generates
the operators OHD, O(1)Hq, and O(3)Hq at the weak scale, yielding shifts to the EWPOs
proportional to log(Λ/MZ). Numerically, the most important of these operators is OHD,
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which generates the T oblique parameter 2. The limits from EWPOs are shown in Fig. 1
LHS as a purple dashed contour. As anticipated, the limit on CH is very weak [22, 23].
The constraint from the combination of LHC Higgs and diboson data is shown as a solid
blue line, and we see that measurements of the Higgs couplings provide a bound on CH
of the same order as the EWPO fit. The combination of LHC data and EWPOs is shown
as the solid green curve. In single Higgs data, the operators OH and OH do not generate
any momentum dependence, but OH produces momentum-dependent effects in di-Higgs
data which could potentially be of use for the discrimination between models [5, 37, 48].
While we consider first general values of CH and CH, the singlet model generates only
a subset of these coefficients. In the Z2 symmetric case, CH = 0, and CH is always less
than zero (see Appendix A 1), so this class of models generates a vertical ray emanating
from the origin, shown as a magenta curve in Fig. 1 LHS, with the open circles indicating
values of the mixing angle, sin θ = 0.25, 0.50.
In the absence of the Z2 symmetry, the additional couplings lead to more general
combinations of CH and CH at the matching scale, and we show two such combinations,
varying the mixing angle, as yellow and cyan rays in Fig. 1 LHS. The values chosen
saturate the vacuum stability bounds, Eq. A5, for κ and m = 0, respectively. We see that
only a small slice of the 2 dimensional SMEFT parameter space at the matching scale
can be consistently generated in the singlet model, and that this slice covers only a small
part of the allowed range.
With the other coefficients held fixed, the SMEFT limits can be translated into limits
on the physical parameter, sin θ (defined in Appendix A 1). In the Z2 symmetric case, it is
apparent from the LHS that sin θ . 0.25 for Λ = 1 TeV. More generally, we can interpret
limits on the coefficients as limits on the largest allowed mixing angle as a function
of the scale, Λ. For the Z2 symmetric case, v
2CH/Λ
2 = −1
2
tan2 θ, so the only scale
dependence is the weak logarithmic dependence from RG evolution, and this is shown
on the RHS of Fig. 1. The EWPO limits obtained by fitting the SMEFT coefficients are
2 The S parameter depends on CHWB which is not generated from RGE in the singlet model. As
demonstrated in Ref. [47], in the Warsaw basis there are additional contributions from 4−fermion
operators at dimension-6 that are needed to obtain a basis independent result for S. It is also interesting
to note from Ref. [6], that only a very small class of models generate OHWB from dimension-6 operators
and none of the models considered here fall into this class.
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FIG. 2: 95% confidence level limits in the 2HDM from LHC data. All other coefficients are
set to zero. The yellow curve corresponds to a Type I model with tanβ = 1, while the cyan
and magenta curves correspond to Type II models with tanβ = 1, 5 respectively. Open circles
along the curve indicate points with cos(β − α) = ±0.05, 0.10. The coefficients on the axes are
evaluated at the matching scale Λ and the curves labelled “Higgs” do not include the RGE of
the operators.
quite similar to those extracted directly from the EWPOs in the full singlet model [49, 50],
demonstrating that in this case, the global fit does indeed constrain the UV complete
model quite accurately, once the RGE is taken into account. While CHD also appears in
the LHC Higgs and diboson data, the bounds on CH arise at tree level, and there are
thus different effects in the scaling on the RHS of Fig. 1.
2. 2HDM
The decoupling limit of the 2HDM has been extensively discussed in the literature [36,
51], but here we revisit the question of what information is in the SMEFT fits in the limit
where the new scalars are too heavy to be observed. In Appendix A 2, we see that the
2HDM generates OH , OuH , OdH and OeH at tree-level, assuming a small deviation from
the alignment limit, | cos(β − α) | 1. In general, these operators can have arbitrary
coefficients for each generation, but to avoid flavor-changing neutral currents, they are
usually assumed to be proportional to the SM Yukawa matrices, so — in the limit that
only the third generation Yukawas are non-zero — we can consider only the 33 components
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FIG. 3: 95% C.L. limits using the SMEFT fit on the Type I and Type II 2HDM from LHC
data in the cos(β − α) vs. tanβ plane. The curves labelled “Higgs” do not include the RGE of
the operators. Note that our results are formally only valid in the | cos(β − α) | 1 limit.
of these fermionic operators, and label them OtH , ObH , and OτH 3.
None of these operators contribute to the EWPOs at tree level, nor do they generate
any of the operators in Eq. 6 at leading logarithm, so we consider only LHC constraints.
In Fig. 2, we consider the limits in the CtH–CbH plane (LHS) and the CH–CbH plane
(RHS), in each case setting all other operators to zero. The dashed line shows a fit to
Higgs data with the scale-dependence of the operators neglected, while the solid blue
curves show the results of a fit where the operators are generated at Λ = 1 TeV and then
RG evolved down to MZ . On the LHS, we see that the RGE has a minor effect, running
the Yukawa-like operators to smaller values in the UV, and resulting in slightly weaker
bounds on the coefficients. As in the singlet model case, we see that CH is only very
weakly constrained, and note that the effect of the RGE on the RHS is significant in this
case.
In both panels of Fig. 2, we show the patterns of coefficients generated by different
choices of the Glashow-Weinberg conditions [55] for the proportionality constants in the
fermion-Higgs operators. The yellow curve corresponds to a Type I model with tan β = 1,
while the cyan and magenta curves correspond to Type II models with tan β = 1, 5
respectively. Note that the tan β = 1 curves for the Type I and Type II models are
3 Consistent models with large Yukawa couplings to the first and second generations can also be con-
structed [52–54].
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FIG. 4: LHS: 95% confidence level limits from EWPOs (LHS) and RHS: Limits from Higgs
and diboson data with SMEFT coefficients in the pattern generated in the T VLQ model. The
curve labelled “Higgs” does not include RGE effects. The coefficients on the axes are evaluated
at Λ = 1 TeV.
indistinguishable on the RHS. The distances along these curves correspond to different
values of the alignment parameter, and we indicate values of cos(β−α) = ±0.05 and ±0.1
by open circles. We see that most of the allowed parameter space in the CtH vs. CbH
plane can be generated by considering different classes of 2HDMs with different values of
cos(β − α) and tan β.
The fit to SMEFT coefficients is re-interpreted in terms of the parameters of the
2HDM in Fig. 3, for both the Type I and Type II models near the alignment limit
with M = 1 TeV. These fits show good agreement with the fits in the full, UV complete
2HDM [38]. In the Type I 2HDM, the effects of the RGE reduce the value of CtH when
scaling from MZ to Λ as observed in Fig. 2 and are manifest in the difference between the
solid and dashed line in Fig. 3 as well.
3. Heavy Colored particles in Loops: T VLQ
The case of a heavy Q = 2
3
vector-like quark coupling only to the third generation leads
to the operators OtH ,
(O(1)Hq)33 and (O(3)Hq)33 at tree-level, as well as OHG at one loop.
Importantly, we note that only the third generation operators appear, so fits treating
these fermion operators universally are impossible to interpret in the context of these
models.
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FIG. 5: LHS: Global fit limits with coefficients in the pattern generated in the T VLQ. The green
line is the combination of EWPOs, Higgs, and diboson data, with all RGE effects included. The
magenta line demonstrates the dependence on the mixing angle corresponding to the SMEFT fits
with stL ≡ sin θL. The coefficients on the axes are evaluated at Λ = 1 TeV. RHS: A translation
of the limits of the LHS to the parameters of the T VLQ model.
We first consider the constraints on only
(
C
(1)
Hq
)
33
and
(
C
(3)
Hq
)
33
from EWPOs. The dom-
inant effect at tree-level is in the Z → bb¯ decay, which depends only on the combination(
C
(1)
Hq + C
(3)
Hq
)
33
. This is indicated by the horizontal dashed black lines in Fig. 4 LHS. At
leading logarithm, this degeneracy is broken and both
(
C
(1)
Hq
)
33
and
(
C
(3)
Hq
)
33
contribute to
the anomalous dimension of OHD. Lines of constant CHD(MZ) generated from the RGE
are shown as dashed gray lines in Fig. 4 LHS, and the resulting limit from the EWPOs
including the RGEs, shown as a solid purple curve, clearly follows this shape. It is clear
that to draw any conclusions about this model from the EWPOs including both the RGE
effects and the non-universality of the fermion operators is crucial.
On the RHS, we consider the limits from Higgs and diboson data. As is apparent from
Table II, in the context of the T VLQ, the Wilson coefficients that are generated all come
with a fixed pattern, since there is only one independent physical parameter. To illustrate
the importance of this, we thus fix all the relationships between the coefficients except
for CHG and plot in the
(
C
(3)
Hq
)
33
= −(C(1)Hq)33 = −CtH/Yt vs. CHG plane. The resulting
limits are highly correlated, and we see that including the effects of the RGE on the fit
with only Higgs data (going from dotted black to dashed red lines) has a mild effect on
the fits. Most of the limit in the vertical direction, however, comes from including the
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diboson data, and this dependence arises because the RGE generates OH, which is well
constrained by V H and V V fits [12, 56].
Fig. 5 LHS uses the same set of correlations for the Wilson coefficients, and compares
the EWPOs constraint (purple, dashed) with the Higgs plus diboson constraint (blue,
solid), all with the RGE included. The EWPOs still set a superior limit on the fermionic
operators from the RGE induced OHD, while the Higgs data sets the bound on OHG. The
combined limit is shown in solid green. In magenta, we show the full prediction of the
model, with OHG related to the other operators via Eq. 12 and open circles indicating a
mixing angle of sin θL ≡ stL = 0.1, 0.2. As noted above, the T VLQ generates only a 1-
dimensional slice of the parameter space, and while a small value of CHG can be generated,
the values corresponding to the model are still nearly orthogonal to the EWPO constraints
so that the LHC data is less important in setting a bound on the physical parameter. It
is clear that for MT = 1 TeV, s
t
L is restricted to < 0.1. The RHS of Fig 5 interprets the
SMEFT results as limits on this mixing angle as a function of the T VLQ mass. As in our
other examples, the dependence on the scale is only logarithmic, from the RG evolution.
4. Heavy Colored particles in Loops: (T B) VLQ
In the (T B) VLQ model, the operators OHt,OHb,OtH ,ObH and OHtb are generated
at tree level, and we emphasize again that only the third generation fermion operators
appear. As in the T VLQ model, the only tree-level contribution to EWPOs is through
the Z → bb¯ decay, which now directly constrains CHb. This is shown as the dashed
black lines on the LHS of Fig. 6, where we show the SMEFT limits in the CHb vs. CHt
plane, with the coefficients of all other operators fixed to zero. At tree level, the EWPOs
are independent of CHt, but both CHb and CHt generate CHD via the RGE at leading
logarithm. The contours of constant CHD (with the slope fixed by the relative values of
Yt and Yb, as expected from Eq. 6) are shown in dashed gray, and we again see that the
EWPO limit including the RGEs (purple, solid) follows this pattern.
The limits coming from Higgs data and diboson data are illustrated on the RHS of
Fig. 6. Here, we include the operators OtH , OHt and OHG at the matching scale, with
the coefficients of other operators taken to be zero, and then project onto the plane
where CtH = −YtCHt, as predicted by the (T B) VLQ. Similarly to the T VLQ case,
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FIG. 6: LHS: 95% confidence level limits on CHt and CHb when all other coefficients are set to
zero from EWPOs. RHS: Same, but including the RG evolution from the matching to the weak
scale. The coefficients on the axes are evaluated at Λ = 1 TeV.
the importance of the diboson data is apparent when the RGE of the coefficients from
the matching scale to the weak scale is included, as a nonzero CHt at the matching scale
leads to values of CHD at the weak scale that are well constrained by diboson data. A
similar story pervades three of our example models: if a CHD or CH appear at leading
logarithm in the anomalous dimensions for the operators generated at the matching scale,
the diboson data can place important constraints that may not be apparent in the tree-
level matching.
In Fig. 7 LHS, we directly compare the EWPO and Higgs plus diboson constraints by
considering the SMEFT fits in the CHt vs. CHb plane. To include the effects of all the
operators, we again set CtH = −YtCHt, and similarly set CbH = −YbCHb. We also include
OHG with CHG = 0.65
(
αs/8pi
)
CHb, as implied by Eq. 14 for MT = MB = 1 TeV. We see
that, even including all of these correlations, the EWPO constraint still sets a superior
bound to the Higgs plus diboson data.
In contrast with the T VLQ, the SU(2)L doublet VLQ model has two independent
parameters in the decoupling limit, the two mixing angles sin θbR ≡ sbR and sin θtR ≡ stR, or
equivalently, sbR and the mass splitting, δMTB = MT−MB (see Appendix A 3 b for details).
In the limit δMTB = 0, the mixing angles are identical, and CHb = CHt. This is indicated
by the magenta line in Fig. 7 LHS. Allowing for a nonzero mass splitting, however, shifts
this relation, as can be seen by the yellow line in Fig. 7 LHS for δMTB = 10 GeV. It is
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FIG. 7: LHS: 95% confidence level limits on CHt and CHb when the other coefficients are set
to the correlated values of the (T B) VLQ model with MT = MB at the matching scale and
including RG evolution of the coefficients to MZ . The magenta and yellow lines correspond to
predictions for the coefficients with δMTB = 0 and δMTB = 10 GeV. The coefficients on the
axes are evaluated at Λ = 1 TeV. RHS: Limits on the mass splitting of the (T B) VLQ using
the model correlations given in Table II.
obvious from this shift that the EWPOs set a strong constraint on the mass splitting for
fixed sbR via the RGE induced CHD. This is simply a manifestation of the strong constraint
on custodial symmetry violation, which we comment more on in Appendix A 3 b. The
behavior in Fig. 7 also illustrates that varying the two mixing angles sweeps out a region
in the CHt vs. CHb plane, but that there is still a very tight relationship between all five
operators generated by the model, which changes the interpretation of the global fits in
this context significantly.
On the RHS of Fig. 7, we reinterpret the SMEFT bounds in the δMTB vs. s
b
R plane,
showing both the EWPO constraint (purple) and the Higgs plus diboson constraint (blue).
We show the results for both MT = 1 TeV (solid) and MT = 5 TeV (dashed), and note
that the logarithmic dependences on δMTB and s
b
R have opposite signs.
C. Global Fit to SMEFT Coefficients
As a by-product of our study, we present an updated global fit to the 19 SMEFT
coefficients considered here in the Warsaw basis. In comparison to Ref. [3], this fit includes
22
�� ����
��� ��  /���� /��� ��� ���(�) ���(�) �� ���(�)�� ���(�)
��� ��� �� ���
�� /�� �� ��� �� ��� �� ��� �τ� ��� ��� /��
-0.20
-0.15
-0.10
-0.05
0
0.05
0.10
0.15
0.20
�/Λ� (
���
-� )
��% ������� ���������
FIG. 8: 95% C.L. limits on the coefficients of operators, with all other coefficients set to zero.
The bounds on operators involving fermions assume universal coefficients, except for CbH , CtH ,
and CτH , which modify only the third-generation Yukawa couplings.
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FIG. 9: 95% C.L. limits on each the coefficients of each operator, marginalizing over all other
operators. We assume universal coefficients for operators involving fermions, except for CbH ,
CtH , and CτH , which modify only the third-generation Yukawa couplings.
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higher integrated luminosity data from ATLAS [44] and CMS [45], as well as the NLO
QCD corrections to V V and V H production with the full distributions as in Ref. [12]. The
results are shown in Fig. 8 with each coefficient treated individually and in Fig. 9 when
marginalizing over all the couplings. Note that, in contrast to many of our particular
model fits, here we assume universal couplings to the quark operators C
(1)
Hq, C
(3)
Hq, CHu
and CHd. This results in very different results, as the constraints now have a significant
contribution from diboson and Higgstrahlung production with first-generation quarks.
Numerical values are given in Appendix B.
IV. DISCUSSION
A major goal of precision measurements at the LHC is to uncover hints of new physics
through patterns of deviations from the SM. In this work, we examine how fits to SMEFT
coefficients that are predicated on patterns of coefficients generated in different UV com-
plete models give information about the high scale physics. Of particular interest to us
are the assumptions made when forming inferences about the source of new physics from
SMEFT fits.
Only two of our models, the Z2 non-symmetric singlet model and the 2HDM generate a
shift in the Higgs tri-linear coupling CH . In the singlet model, this shift is correlated with
a non-zero CH term that can be observed in V V and V H production. In the 2HDM,
the non-zero CH is directly proportional to the CfH interaction and a weak limit on CH
is obtained. The 2HDM and the (T B) VLQ models generate CfH terms that can be
directly measured in Higgs production at the LHC. The (T B) model also generates CHf
couplings that are limited by precision Z measurements. When the fits are performed
using the patterns of coefficients predicted in each model, the results are quite different
from the global fit results and in all cases, the correlated fits deviate significantly from
the single parameter fits.
An interesting feature of our work is the importance of the RGE on the interpretation of
the fits. This suggests that redoing the study with complete one-loop matching would be
of interest. If a model predicts coefficients at the matching scale that generate operators
through RGE that are constrained by EWPOs or diboson data, then these coefficients
are strongly constrained. The inclusion of RGE completely changes the interpretation of
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FIG. 10: Maximum allowed mixing angles as a function of the heavy particle mass from the
SMEFT global fit. Note that the 2HDM limits are valid in the | cos(β − α) | 1 limit.
the fits in these cases.
In Fig. 10, we summarize our SMEFT results in terms of the physical parameters of the
models and show the maximum allowed mixing angle from the global fits in each model
as a function of scale. We note that these are the limits in the SMEFT where the heavy
particles have been integrated out of the UV complete model. The fits are sensitive to
the ratios Ci/Λ
2, modulo the logarithmic dependence from the RG running.
Our study is just the beginning of an understanding of the discrimination between
UV theories from SMEFT fits [57]. Follow-up work could include information from top
physics [58], a consideration of the importance of the quadratic versus linear SMEFT
approximation[12], and complete 1-loop matching. It is of considerable interest to expand
our study by examining further concrete example models.
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Appendix A: Additional Details on the Models
1. Singlet Scalar
The most general scalar potential involving a real scalar singlet, S˜, and the SM SU(2)L
doublet, H, is ,
V = −µ2h | H |2 +
λh
2
(| H |2)2 + m
2
S
2
S˜2 + A | H |2 S˜
+
κ
2
| H |2 S˜2 + m
6
S˜3 +
λS
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S˜4. (A1)
The parameters can be redefined such that 〈S˜〉 = 0. After spontaneous symmetry break-
ing, the 2 neutral scalars, H0 = (h˜ + v)/
√
2 and S˜, mix to form the physical scalars, h
and S,
h = cos θ h˜− sin θ S˜
S = sin θ h˜+ cos θ S˜ , (A2)
with the physical masses, mh and M . We assume M  mh. The heavy scalar can be
integrated out [7, 14, 33, 34], generating the 2 operators, OH and OH with coefficients,
CH
Λ2
= − A
2
2m4S
CH
Λ2
=
A2
2m4S
(
mA
3m2S
− κ
)
. (A3)
In terms of the physical parameters of the theory (mh,M, sin θ),
CH
Λ2
= − 1
2v2
(
(m2h −M2) sin(2θ)
m2h +M
2 + (M2 −m2h) cos(2θ)
)2
→ − 1
2v2
tan2 θ ,
CH → = −CH
(
tan θ
m
3v
− κ
)
(A4)
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where in the last lines, we take the M → ∞ limit. Ref. [37] has pointed out that in
some cases, an improved agreement between the exact (singlet model) UV theory and the
SMEFT can be obtained by retaining the dependence on mh in Eq. A4. The Lagrangian
parameters µ and κ are limited by the requirement that the minimum of the potential be
the electroweak vacuum, (see Fig. 1 of Ref. [35]),
| m
v
| < 6
| κ | < 1 , (A5)
and so fixing 0 < θ < pi
2
, | CH | <∼ | 2 tan θ + 1 | CH. In the case where there is a Z2
symmetry, the potential of Eq. A1 has A = µ = 0. In this case, there is a cancellation in
Eq. A3 implying CH = 0 and the singlet vev can no longer be fixed to 0.
2. A Second Higgs Doublet
For the 2 Higgs doublet model, we work in the Higgs basis, where the doublets have
been rotated such that only the SM-like doublet, H1, gets a VEV, v. In this framework,
the components of the H2 doublet can be taken heavy and we work in the decoupling
limit where the 2HDM can be matched to the SMEFT coefficients[14, 37, 38, 59]. The
scalar potential is[60],
VS = M
2
1 | H1 |2 +M22 | H2 |2 +(Y3H†1H2 + h.c.)
+
1
2
(Z1 | H1 |4 +Z2 | H2 |4) + Z3 | H1 |2| H2 |2 +Z4(H†1H2)(H†2H1)
−
(
Z5
2
(H†1H2)(H
†
1H2) + Z6 | H1 |2 (H†1H2) + Z7 | H2 |2 H†1H2 + h.c.
)
. (A6)
The Yukawa terms are,
VY = YuqLH˜1uR + YdqLH1dR + YelLH1eR
+
ηuYu
tan β
qLH˜2uR +
ηdYd
tan β
qLH2dR +
ηeYe
tan β
lLH2eR + h.c. , (A7)
where Yf =
√
2mf
v
, H˜i = iσ2H
∗
i , and the parameters ηf depend on the type of 2HDM and
are given in Table III. In general, the Yukawa couplings are 3 × 3 matrices, but we will
always take them diagonal when considering the 2HDM.
We work in the limit Y3/M
2
2  1 and integrate out the heavy doublet H2 following Refs.
[7, 38]. Since the equations of motion imply Y3 = −Z6v2/2, we also have | Z6v2/M22 | 1.
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ηt ηb ητ
Type-I 1 1 1
Type-II 1 − tan2 β − tan2 β
Lepton-specific 1 1 − tan2 β
Flipped 1 − tan2 β 1
TABLE III: 2HDM couplings of fermions.
In the decoupling limit, the heavy masses MH ∼ MA ∼ MH+ ∼ M and the tree level
SMEFT contributions are,4
CH
Λ2
=
Z26
M2
CuH
Λ2
=
ηuYuZ6
tan βM2
CdH
Λ2
=
ηdYdZ6
tan βM2
CeH
Λ2
=
ηeYeZ6
tan βM2
. (A8)
The 2HDM also generates 4-fermi interactions that do not contribute to our tree- level
study. In the decoupling limit,
cos(β − α) ≈ −Z6v
2
M2
.
Keeping only 3rd generation fermion masses non-zero,
v2CH
Λ2
=
cos2(β − α)M2
v2
v2CtH
Λ2
= −ηtYt cos(β − α)
tan β
v2CbH
Λ2
= −ηbYb cos(β − α)
tan β
v2CτH
Λ2
= −ητYτ cos(β − α)
tan β
. (A9)
Note that we need cos(β − α)M2
v2
to be small for decoupling[36].
3. Colored Extensions of the SM
Finally, we consider extending the Standard Model with new colored fields. In partic-
ular, we will consider heavy vector-like quarks, either a singlet or doublet under SU(2)L,
and colored triplet scalars.
4 We assume all couplings are real and neglect flavor indices.
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a. SU(3) Triplet SU(2)L Singlet Fermion
The T VLQ model has a charge 2
3
color triplet, SU(2)L singlet fermion. The particles
in the top sector are,
ψL, T
1
R, T
2
L, T
2
R , (A10)
where ψL, T
1
R are the SM-like left handed quark doublet and right-handed charge
2
3
quark
and T 2 is the new vector-like quark. The relevant portion of the Lagrangian is,
VY = λ2ψLH˜T
1
R + λ3ψLH˜T
2
R + λ5T
2
LT
2
R + h.c. (A11)
which can be expressed in terms of the physical parameters, mt, MT , sin θ
t
L ≡ stL. After
the mixing, the physical fermions are,
tL = cos θ
t
L T
1
L − sin θtL T 2L
TL = sin θ
t
L T
1
L + cos θ
t
L T
2
L (A12)
and we define q3L = (tL, bL)
T to be the physical third generation fermion doublet. (Note
that the mixing in the right-handed quark sector can be rotated away, so there is only
one mixing angle in this model.)
In order to obtain decoupling, the Yukawa interactions must be much smaller than the
Dirac mass term, λ2v, λ3v  λ5. In this limit[40],
stL →
vλ3√
2MT
, (A13)
and
λ2 →
√
2mt
v
[
1 +
(stL)
2
2
(
M2T
m2t
− 1
)]
∼ Yt
λ3 →
√
2MT
v
stL
λ5 → MT
[
1 +
(stL)
2
2
(
m2t
M2T
− 1
)]
. (A14)
Hence, decoupling requires (stL)
2 ∼ m2t
M2T
as seen in Eq. A13.
The SMEFT coefficients that are generated at tree level are,
v2
Λ2
(
C
(1)
Hq
)
33
=
λ23v
2
4M2T
= − v
2
Λ2
(
C
(3)
Hq
)
33
v2
Λ2
CtH =
λ2λ
2
3v
2
2M2T
. (A15)
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It is clear that there is only 1 independent SMEFT coefficient in this model at tree level.
The T VLQ model generates a contribution to OHD through the running of C(1)Hq,
C˙HD = −24
(
C
(1)
Hq
)
33
(Y 2b − Y 2t ) . (A16)
Neglecting the b mass, matching at Λ = MT ,
(C
(1)
Hq)33(MT )
Λ2
=
(stL)
2
2
, and evolving to mt, we
find
∆TEFT = − v
2
2α
CHD(mt)
= 2(stL)
2TSM log
(
M2T
m2t
)
, TSM =
3
16pis2W
m2t
M2W
, (A17)
reproducing the logarithmic contribution of the UV complete T VLQ model. The complete
model, however, has the stL → 0, MT →∞ limit[40, 61],
∆TUV = TSM
[
−2 + (stL)2
M2T
m2t
+ 2 log
(
M2T
m2t
)]
(A18)
and we note that the SMEFT cannot reproduce the (numerically significant) (stL)
2M2T/m
2
t
term of the UV complete model.
The T VLQ generates OHG at 1-loop,
v2
Λ2
CHG =
αs
8pi
(stL)
2
(
F1/2(MT )− F1/2(mt)
)
(A19)
where
F1/2(τ) = τ
[
1 + (1− τ)f(τ)
]
f(τ) =
[
sin−1
(
1√
τ
)]2
τ  1 (A20)
and τ = 4m2/m2h, where m = mt,MT and F1/2 → 23 in the mt → ∞ limit. In the
high energy limit, the contribution of CHG to Higgs production is highly suppressed by
the cancellation between the top loop and the T loop and there is only a very slight
dependence on MT ,
v2
Λ2
CHG ∼ −αs
8pi
(stL)
2 7m
2
h
180m2t
(
1− m
2
t
M2T
)
. (A21)
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b. SU(3) Triplet SU(2)L Doublet Fermion
We next consider a model with an SU(2)L doublet and color triplet pair of vector-like
fermions. We term this the (TB) VLQ model[6, 40, 62]. The third generation quarks in
the (T,B) model are,
ψTL = (T
1
L, B
1
L), T
1
R, B
1
R, χ
T
L = (T
2
L, B
2
L), χ
T
R = (T
2
R, B
2
R) (A22)
corresponding to the scalar potential,
VS = λtψLH˜T
1
R + λbψLHB
1
R + λ4χLH˜T
1
R + λ5χLHB
1
R +MχLχR + h.c. (A23)
(A term ψLχR can be rotated away by a redefinition of the fields.)
Diagonalizing the mass matrices requires 4 angles in the left- and right- handed t− T
and b−B sectors, θtL, θtR, θbL, θbR. Since there are 5 terms in the Lagrangian, there are 5
independent parameters which we take to be the physical masses and one mixing angle,
MT ,mt,MB,mb, s
b
R . (A24)
For small mixing angles,
(stL)
2 ∼ m
2
t
M2T
(stR)
2
(sbL)
2 ∼ m
2
b
M2B
(sbR)
2 . (A25)
The mixing in the right-handed top sector is determined from that in the right-handed
bottom sector,
(stR)
2 = (sbR)
2
(
M2B −m2b
M2T −m2t
)
+
(
M2T −M2B
M2T −m2t
)
. (A26)
If the mass splitting between the T,B particles is small, δMTB = MT −MB, |δMTB |MT  1,
and mt MT , the mixing in the top sector is,
(stR)
2 = (sbR)
2 + (cbR)
2 2δMTB
MT
. (A27)
For small mixing angles, and mt MT , mb MB,[63]
stR =
λ4v√
2MT
sbR =
λ5v√
2MB
. (A28)
31
At tree level, the (TB) doublet model generates OHt, OHb, OHtb,OtH , ObH [39],
v2
Λ2
CHt = −λ
2
4v
2
2M2T
= −(stR)2
v2
Λ2
CHb =
λ25v
2
2M2B
= (sbR)
2
v2
Λ2
CtH = −
√
2mt
v
v2
Λ2
CHt
v2
Λ2
CbH =
√
2mb
v
v2
Λ2
CHb
v2
Λ2
CHtb = 2s
t
Rs
b
R . (A29)
Only CHt and CHb are independent and are related by Eq. A27 to the heavy masses.
We can consistently take Λ = MT or Λ = MB. From the measurement of Z → bb, the
right-handed coupling to the b is small, sbR < .115[64], corresponding to
v2
Λ2
CHb < .013,
independent of MB. It is therefore consistent to consider the small s
b
R limit.
Similarly to the T VLQ model, OHD is generated from the running of CHu, CHd and
CHud,
C˙HD = −24
[
Y 2t CHt − Y 2b CHb + YbYtCHtb
]
. (A30)
Neglecting the b mass and considering small sbR and | δMTB | /MT ,
v2
Λ2
C˙HD = 24Y
2
t (s
t
R)
2
∼ 24Y 2t
[
(sbR)
2
(
1− 2δMTB
MT
)
+
2δMTB
MT
]
. (A31)
Even in the sbR → 0 limit, the running of OHD yields a contribution to ∆T proportional
to the mass splitting, giving
∆TEFT → 8TSM δMTB
MT
log
(
M2T
m2t
)
, (A32)
reproducing the logarithm of the UV complete model[40, 61]. Comparing with Eq. 57
of [40] we see that ∆TEFT/∆T (full) ∼ 1.4, implying that the limits obtained in the EFT
will be more stringent than the actual limits in the full theory.
At one-loop, OHG is generated,
v2
Λ2
CHG =
αs
8pi
(
(stR)
2
[
F1/2(MT )− F1/2(mt)
]
+ (sbR)
2F1/2(MB)
)
∼ αs
8pi
(sbR)
2(.65) (A33)
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where MT = MB = 1 TeV in the last equation. Note that the cancellation between the
SM top quark and the T VLQ contribution that was observed in the T VLQ model is
weakened due to the presence of two heavy VLQs.
c. SU(3) Triplet Scalar
Finally, we consider a model with a complex color triplet scalar, s, with charge Q = 2
3
.
It is interesting to see how the predictions differ from those of the T VLQ described above.
The relevant interaction terms are,
L = m20s
∗AsA +
λs
2
(s∗AsA)2 + κs∗AsA | φ†φ |2 , (A34)
where A,B,C = 1...8 are color indices. The mass of the colored scalar is m2s = m
2
0 +
κv2
2
and the parameter κ measures the amount of the scalar mass due to electroweak symmetry
breaking. At tree level, the model generates 4 -fermion operators[6], O(1)qq = −O(3)qq that
do not contribute to our study, but enter at tree level in Drell-Yan and di-jet production
at the LHC. At one loop, the colored scalar generates OHG,
CHG
Λ2
=
αsκ
32pim2s
F0(τs)→ − αsκ
96pim2s
(A35)
where F0(τs) = τs
[
1− τsf(τs)
]
, τs = 4m
2
s/m
2
h, and f(τ) is defined in Eq. A20.
Appendix B: Numerical results for Global Fit in Warsaw Basis
For convenience, the numerical results of our global fits in Figs. 8 and 9 are shown in
Table IV.
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Coefficient Individual Limit (95% C.L.) Marginalized Limit (95% C.L.)
CHWB [−0.010, 0.0025] [−0.61, 1.3]
CHD [−0.025, 0.0015] [−2.7, 1.2]
CH [−0.44, 0.52] [−3.4, 2.4]
CH [−20., 6.2] [−23., 20.]
Cll [−0.0039, 0.021] [−0.084, 0.035]
C
(1)
Hq [−0.029, 0.042] [−0.23, 0.12]
C
(3)
Hq [−0.099, 0.015] [−0.18, 0.17]
C
(1)
Hl [−0.0043, 0.012] [−0.30, 0.69]
C
(3)
Hl [−0.012, 0.0029] [−0.14, 0.22]
CHu [−0.076, 0.087] [−0.79, 0.54]
CHd [−0.17, 0.054] [−0.81, 0.13]
CHe [−0.013, 0.0094] [−0.62, 1.4]
CW [−0.15, 0.36] [−1.3, 1.1]
CHG [−0.0027, 0.0032] [−0.016, 0.0083]
CHW [−0.014, 0.0068] [−0.14, 1.6]
CHB [−0.0043, 0.0020] [−0.45, 0.73]
CτH [−0.015, 0.027] [−0.030, 0.038]
CbH [−0.13, 0.072] [−0.13, 0.13]
CtH [−1.1, 0.63] [−7.4, 3.6]
TABLE IV: 95% C.L. limits on the Wilson coefficients in units of (TeV)−2. We show the fit to
each individual Wilson coefficient with all others set to zero as well as the limit marginalizing
over the set of 19 operators. With the exception of CτH , CbH , and CtH , which affect only the
third generation couplings, all fermion operators assume flavor universality.
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